Study of the Influence of Porous Structure on the Permeability of Rock Using Lattice Boltzmann Method  by Wang, Jinbo et al.
 Procedia Engineering  102 ( 2015 )  1835 – 1841 
Available online at www.sciencedirect.com
1877-7058 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Selection and peer-review under responsibility of Chinese Society of Particuology, Institute of Process Engineering, Chinese Academy of Sciences (CAS)
doi: 10.1016/j.proeng.2015.01.321 
ScienceDirect
The 7th World Congress on Particle Technology (WCPT7) 
Study of the influence of porous structure on the permeability of 
rock using Lattice Boltzmann method 
Jinbo Wanga,Yang Jub,c*, Yaohui Huangd, Jiangtao Zhenga, Zemin Zhenga 
aSchool of Mechanics and Civil Engineering, China University of Mining and Technology (Beijing), Beijing, 100083, China 
 bState Key Laboratory for Geomechanics and Deep Underground Engineering, China University of Mining and Technology, Xuzhou, 221116, 
China 
cState Key Laboratory of Coal Resources and Safe Mining, China University of Mining and Technology (Beijing), Bejing,100083, China 
d School of Mechanical Eectronic and Information Engineering, China University of Mining and Technology (Beijing), Beijing, 100083, China 
Abstract 
Natural rocks are composed of a large number of mineral particles, which are disorderly distributed with irregular geometries. 
The porous space formed by these particles essentially influences the physical and mechanical properties of rock, such as strength, 
elastic modulus, permeability, conductivity, and surface adsorption, which are of great significance to a variety of engineering 
applications. In this paper, to investigate the influence of porous structure on the permeability of rock, we build up several three-
dimensional models to represent the microstructures of porous rock based on the data of CT identification. These models have 
the same porosity but different microstructures. Lattice Boltzmann Method (LBM) is adopted to simulate the fluid flow through 
the models. The distribution of fluid speed directly related to the geometry of porous structure is presented visually, and the 
permeability of these models is analyzed using the Darcy’s law. This study presents a promising way to reveal the effects of 
microstructure on fluid flow by means of the reconstruction models that reserve same porosity but varied pore space. It is shown 
that the size and the spatial distribution of mineral particles in rocks determine the porous structure and the permeability of rock.  
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1. Introduction 
Natural rocks are composed of a large number of mineral particles, which are disorderly distributed with irregular 
geometries in rocks. The pore space formed by these particles essentially influence the physical and mechanical 
properties of rock, such as strength, elastic modulus, permeability, conductivity, wave propagation and surface 
adsorption, which are of great significance to a variety of engineering applications [1-3]. For example, in shale gas 
exploitation, the porous structure of the reservoir rock significantly affects the fracturing results [4, 5]. In CO2 
geological sequestration, the permeability of rock is crucial for CO2 sequestration and is predominantly determined 
by pore connectivity[6]. Therefore, it is important to well understand the influence of pores on rock properties for 
solving these practical problems. 
Mostly, experimental tools are employed to measure the macroscopic phenomena associated with the change of 
the porous structure of a standard rock sample. Through that, the characteristics of porous structure and its influence 
on rock properties were reflected. Rock was treated as a “black box”, and only the external macroscopic behaviors in 
response to the physical, mechanical and chemical actions can be observed[7], we have no idea of what has exactly 
happened inside the box. Besides that, it is difficult to get the rock sample, when human activities such as energy 
resource exploitation extend to the areas of complex geological conditions. On the other hand, these 
phenomenological observation is incapable to explicate the intrinsic mechanisms that lead to the different 
measurement results of different rock samples. Things happened inside the rock, e.g. the contact of rock particles, 
the fluid-solid interaction and pore structure evolution under applied forces, cannot be obtained. One needs a reliable 
model for rock to deal with, on which the intrinsic mechanisms that govern the phenomena of interest can be 
quantitatively determined. This cannot be done by the external observation alone[8]. 
With the development of modern imaging methods, e.g. x-ray CT [9, 10], focused ion beam (FIB) SEM[11, 12], 
it is available to image the pore space in rock even down to a resolution of 10s nm. However, the equipment is 
expensive and not ready for widespread applications. What’s more, for unconsolidated rock, carbonate sample with 
cracks and rocks in complex geological conditions, standard rock samples cannot be obtained easily. Some 
computer-aided reconstruction methods can resolve these problems. Based on the analysis of a high-resolution image, 
which may be obtained from CT scanning or photographing of rocks, a digital rock model can be established to 
represent the porous structures. These methods can be process-based methods[13], multiple-point statistical 
method[14], and simulated annealing algorithm[15, 16]. After the porous structure of rock is obtained, people also 
need tools to observe and investigate the physical process occurring in it. Lattice Boltzmann method (LBM) is one of 
the most popular approach for computing single and multiphase flow directly on the pore-space image[17]. Unlike 
the traditional CFD methods, which solve the conservation equations of macroscopic properties (i.e., mass, 
momentum, and energy) numerically, LBM models the fluid consisting of particles, which perform consecutive 
propagation and collision processes over a fixed lattice. Due to its particulate nature and local dynamics, LBM has 
distinct advantages in dealing with complex boundaries, incorporating microscopic interactions, and parallelization 
of the algorithm[9]. 
In this paper, for the investigation of the influence of porous structure on the permeability of rock, a three-
dimensional (3D) model of porous rock is established from CT scanning, which represents the pore space of rock 
accurately. A reconstruction method for porous rock is proposed based on the data of CT identification. The 
reconstructed models have the same porosity but different porous structures. This could reduce the affecting factors 
of porous structures by avoiding the influence of various porosities. On the basis of these models, LBM simulations 
are carried out using an open source software Palabos[18]. From the simulation results, the fluid velocity distribution 
is directly related to the geometry of porous structure and, according to the Darcy’s law, the absolute permeability of 
these models are calculated. By this way, the influence of porous structure on the permeability of rock is studied in 
this paper. 
The outline of the rest of this paper is as follows: in section 2, the proposed reconstruction method is introduced 
and a group of models which have the same porosity are generated by a random particle packing method with 
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different particle sizes. In section 3, the fluid flowing through porous media is simulated by LBM and the absolute 
permeability of different models is calculated. The influence of the porous structure on the permeability of rock is 
discussed. We make concluding remarks in Section 4. 
2. Reconstruction method for porous rock  
Transport of fluids in porous rock has numerous applications in various fields of geosciences. The porosity and 
permeability of rock are the key parameters. Studies have shown that the permeability of rock is not only related to 
the porosity but also is determined by the characteristics of porous rock (geometry and topology). To quantitatively 
analyse the influence of porous structure on the permeability, we need carry out a series of experiments on different 
samples which have the same porosity but different porous structure. Since X-ray CT could represent the porous 
structure of rock accurately, it is available to describe the characteristics of rock structure quantitatively through CT 
scanning of a standard sample. However, it is almost impossible to find enough rock samples that meet our 
requirements, the same porosity and different porous structure.  
To solve this problem, we propose a reconstruction method for porous rock using random sphere packing method.  
Fig.1 shows the 3D binary image of a sandstone (S) with a porosity of 14.1%, which has300u300u300 pixels and 
the resolution is 8.6PP. In the binary system, defined by Eq.(1), the white part is rock phase and black is pore space. 
Through Fig.1, it is obvious that, the pores inside the rock is formed by the randomly distributed rock particles with 
various sizes and geometries
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where, r is voxel position in the system, Z(r) is the binary value of the point r. To quantitatively characterize the 
porous structure for rock, the pore size distribution is calculated based on a medial axis skeletonization program[19], 
which has been introduced and verified in Ref[19]. The skeleton of Model S is shown in Fig.1(c). The pores are 
defined as a sphere, whose center is the point in the skeleton and the radius is the Euclidean distance of the center to 
the nearest voxel of rock matrix.
(a)    (b)    (c) 
Fig. 1. (a) 3D model for sandstone S, 300u300u300 pixels, the resolutions is 8.6PP; (b) a 2D x-y slice of the sample, black is pore space and 
white is rock particles; (c) the red lines show the skeleton of Model S. 
2.1. Reconstruction models for porous rock 
In this work, a random sphere packing method is employed to reconstruct porous rock based on the data of CT 
identification. The reasons for using this method are that: (i) it allows the creation of digitized images of rocks at 
arbitrarily high resolutions without the use of high-resolution CT. (ii) It is available to obtain the models which meet 
the requirements that is the same porosity and different structure. Each packing model is created from the spheres 
with a certain radius. The difference from the conventional sphere packing method is that, the spheres are allowed to 
overlap with each other and the overlap length should be less than one and a half time of the small sphere’s radius. 
From Fig.2(a) to Fig.2(e) the figures show the porous structure generated by this method. The number in the names 
is the radius of the spheres used for the packing. All of them have a size of 300u300u300 pixels and a porosity of 
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14.1%. From Fig.2, we could see that the larger the sphere is, the less pores there are in the models and the larger 
average pore size it has, as shown in Fig.3, and S10 has a closer porous structure to S than the others. 
(a) (b) 
(c) (d) (e) 
Fig.2 the 3D models of the reconstructed porous rock using sphere packing method. (a) S10, (b) S15, (c) S20, (d) S25, (e) S30 and the number in 
the names indicates the radius of the sphere used to reconstruct the porous models.  
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Fig.3 The relationship between the average radius of porous structures and the size of the particles. 
3. LBM simulations  
Lattice Boltzmann simulations were carried out using Palabos, which is an open-source software for 
computational fluid dynamics using the LBM. As it is highly flexible and parallel, it can handle a wide variety of 
fluid dynamics problems. The LBM itself has been thoroughly described and validated in the literatures [20-23].  
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In this study, a single phase fluid flow is simulated through the 3D images of the porous sandstones. Using the 
segmented images as input data, the walls of the porous medium are converted to bounce-back boundary conditions. 
The geometries were padded with walls in the direction perpendicular to flow. The standard Bhatnagar-Gross-Krook 
(BGK) collision operator is applied with a D3Q19 lattice model. The fluid velocity is set to zero initially and the 
flow is driven by a pressure gradient between the inlet (x=0) and the outlet (x=300). When the standard deviation of 
the average energy falls behind a given threshold value (10-4), the steady state is reached. Details of this procedure 
could be found in Ref[18]. The flow was ensured to be in the laminar regime by checking if the permeability stayed 
constant when the applied pressure gradient was varied. The simulation results are listed as below. According to 
Darcy’s law, Eq. (4), the permeability of porous rock is calculated, the results are shown in Table 1.  
 dP U
dx k
P   
(a)  (b)  
 (c) (d)
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(e)  (f) 
 
Fig.4 the 3D velocity distribution of fluid flowing in the different models. (a) S, (b) S10, (c) S15, (d) S20, (e) S25, (f) S30. 
Table 1. The permeability of porous models. 
Model Permeability (PD) Deviation (k-kS)/kS (%) 
S 2087.8 - 
S10 2176.0 4% 
S15 3604.9 73% 
S20 7199.8 245% 
S25 9082.8 335% 
S30 6671.3 220% 
 
It’s shown that with the increase of the particle size, the permeability increases. The permeability of S10 (k10) is 
close to that of the sandstone S (Ks), and the deviation between them is about 4%. It is noteworthy that k30 
(6671.3PD) is less than k25 (9082.8PD). From Fig. 4, we find that there are fewer pores in S30 than in S25 and the 
pores’ spatial distribution is inhomogeneous. The high heterogeneity may result in that a local small pore blocks the 
fluid flow in the whole model, which will significantly influence the permeability. In this way, this method is 
capable to estimate the representative volume element (RVE)[24] size for sandstones.  
4. Conclusion 
In this paper, to investigate the influence of porous structure on the permeability of rock, we build up several 
three-dimensional models to represent the microstructures of porous rock based on the data of CT identification. 
These models have the same porosity but different microstructures. Lattice Boltzmann Method (LBM) is adopted to 
simulate the fluid flow through the models, and their permeability is analyzed using the Darcy’s law.  
It is shown that the size and the spatial distribution of mineral particles in rocks determine the porous structure 
and the permeability of rock. The average pore size and the permeability of rock increases with the incensement of 
the particle size. The distribution of fluid speed directly related to the geometry of porous structure is demonstrated 
visually. This study presents a promising way to reveal the effects of microstructure on fluid flow by means of the 
reconstruction models that reserves same porosity but varied pore space. 
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